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The electrochemical behaviour of ferrocene in deep
eutectic solvents based on quaternary ammonium and
phosphonium salts†
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Mohd. Azlan Hussaina and Chee Tong John Lowf
The electrochemical behaviour of ferrocene (Fc) is investigated in six diﬀerent deep eutectic solvents
(DESs) formed by means of hydrogen bonding between selected ammonium and phosphonium salts
with glycerol and ethylene glycol. Combinations of cyclic voltammetry and chronoamperometry are
employed to characterise the DESs. The reductive and oxidative potential limits are reported versus the
Fc/Fc+ couple. The diﬀusion coeﬃcient, D, of ferrocene in all studied DESs is found to lie between
8.49  1010 and 4.22  108 cm2 s1 (these do not change significantly with concentration).
The standard rate constant for heterogeneous electron transfer across the electrode/DES interface is
determined to be between 1.68  104 and 5.44  104 cm s1 using cyclic voltammetry. These results
are of the same order of magnitude as those reported for other ionic liquids in the literature.
1. Introduction
Recently, ionic liquids (ILs) as green reaction media have
attracted some interest for a few industrial processes.1–3 ILs
are composed entirely of ions and exist in the liquid state at
temperatures below 100 1C. Their advantageous properties
include negligible vapour pressure, good thermal and chemical
stability, high polarity and non-flammability.4–7 In the area of
electrochemistry, ILs may oﬀer wide potential windows and
intrinsic conductivity that abrogate the requirement for adding
an extraneous supporting electrolyte. They also have good ion
transport properties8–13 that have enabled their successful
applications in electrochemistry such as in electrochemical
sensors,14,15 solar cells,16 fuel cells,17 electrochemical double-
layer capacitors,18 lithium batteries19–21 and other solution
based processes.22,23 Nevertheless, as the range of ILs expands,
attention must be paid towards assuring that electrode
potential data can be compared precisely with those acquired
in conventional solvent–electrolyte media.
Although Katayama et al.24 and Snook et al.25 have shown that
a credible Ag|Ag+ (IL) reference system is available, most electro-
chemical investigations of ILs have employed platinum,26 or
silver wire27 quasi-reference electrodes, which can only give a
qualitative impression of the reactions occurring between the
interface of the electrode and the IL electrolyte.28–30
In organic solvent media it is now routine to employ
voltammetric data from IUPAC for arbitrarily selected and
recommended compounds such as ferrocene, Fc, that display
an exculpated, highly reversible redox process, as an ‘internal
potential standard’. It is assumed that this redox couple is a nearly
solvent-independent standard potential.31 Fc is widely used as an
electrode transfer mediator for comparison of redox processes in
diﬀerent ILs.32–35 However, some studies show that the standard
redox potential of Fc is dependent on solvation eﬀects of the
solvent and the supporting electrolyte used.36,37
Despite such benefits of ILs, they have few industrial applica-
tions due to issues associated with high cost, purity and toxicity.
Thus deep eutectic solvents (DESs) have been identified as
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alternatives for ILs.38–40 They are basically formed by means of a
mixture of metal halide bonds or hydrogen bonds along with that
of the anion of a salt, as opposed to relying purely on electrostatic
forces between anions and cations as in the case of ILs. DESs with
various hydrogen bond donors have been demonstrated using
acids, amides and alcohols.41,42 These liquids are easy to prepare
in a pure state, they are non-reactive with water and most
importantly they are biodegradable due to which, the toxicological
properties of the components are well characterized.42 One of the
biggest problems in reporting of DESs’ properties is the wide
diﬀerence between the melting point and fusion temperature,
sometimes up to 125 1C.41 Thus, the possibility, indeed the reality,
of alternative mechanistic pathways occurring in these solvents
necessitates the development or modification of techniques
capable of investigating reaction mechanisms in these media,
and electrochemistry can contribute significantly to this.
DESs can be tailor made to suit diﬀerent applications and
the electrochemistry of Fc in two types of DESs prepared from
choline chloride and trifluoroacetamide (TFA) or malonic acid
as the hydrogen-bond donors was reported earlier.39 But other
kinds of DESs were not investigated in suﬃcient detail. In the
current work we show how DESs formed by means of hydrogen
bonding between two diﬀerent ammonium and phosphonium salts
with glycerin and ethylene glycol can be used as solvents for the
electrochemical characterisation of Fc. We have used a combination
of standard electrochemical techniques including cyclic voltammetry
and chronoamperometry that may be considered to be suﬃcient
for characterizing of the DESs. Based on the results obtained here,
suitable DESs could be recommended for further experiments
in the redox flow battery43–45 in future.
2. Experimental
2.1. Chemicals
Ferrocene (Fe(C5H5)2, 98% purity) was purchased from Aldrich
(USA). Choline chloride (ChCl) (C5H14ClNO), methyltriphenyl-
phosphoniumbromide (C19H18PBr),N,N-diethylethanol ammonium
chloride (C6H16ClNO), glycerol (C3H8O3) and ethylene glycol
(C2H6O2) were purchased from Merck Chemicals (Germany)
with high purity (Z 98%). All chemicals were used as supplied
by the manufacturer and stored in an inert glove box
purged with argon and the synthesized DESs were stored in
tight capped bottles to prevent them from being aﬀected by
atmospheric humidity.
2.2. Synthesis of DESs
The original procedure for synthesising DESs as reported by
Abbott and co-workers40 was adapted in this work. A jacketed cup
with amagnetic stirrer was used tomix both the salt and hydrogen-
bond donor at 353.15 K and atmospheric pressure for a period
of 3 hours (at a minimum) until a homogeneous colourless
liquid was formed. The synthesis experiments were conducted
in a glove box with firm humidity control of less than 1 ppm
water. Fig. 1 shows the structures of the salts and hydrogen
bond donors that make up the DESs chosen for this study and
Table 1 indicates their physical properties.
2.3. Characterization of DESs
Freezing temperatures of the synthesized DESs were measured
using a Mettler Toledo Diﬀerential Scanning Calorimetry (DSC)
device and the viscosities of the DESs were measured using a
Haake VT550 instrument. The equipment was calibrated with
standard values of freezing points and viscosities of samples of
pure water and glycerol. The conductivities were measured
using a DZS-708 Multi-parameter Analyser. The conductivity
meter was calibrated using a 0.001 mol L1 standard solution of
KCl (Merck).
2.4. Electrochemical set-up
The electrochemical cell consisted of a typical three-electrode
set-up. The counter electrode was a Pt wire, and an Ag wire
(immersed in 65% HNO3 prior to experiments, then rinsed
thoroughly with water and ethanol) was used as a quasi-reference
electrode. A platinum microelectrode (20 mm diameter) and
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Glassy Carbon (GC, 3 mm diameter) were used as working
electrodes. The working electrodes were carefully polished before
each voltammetry experiment with 0.25 mm alumina suspension
and ultrasonically rinsed in acetone. All electrochemical experi-
ments were performed using a computer-controlled ı´-Autolab
potentiostat (PGSTAT302N) and the electrochemical cell was
assembled at room temperature within a Faraday cage, which in
turn was situated inside the dry argon-filled glove box. Humidity
levels were measured continuously to ensure that the total
moisture content inside the glove box never exceeded 1 wt%.
2.5. Chronoamperometric experiments
Potential step chronoamperometric transients were achieved
using a sample time of 0.01 s. The pre-treatment step com-
prised of holding the potential at a point of zero current (with
20 s pre equilibration time), after which the potential was
stepped from a position of zero current to a chosen potential
after the oxidative peak and the current was measured for 10 s.
The nonlinear curve fitting function in the software package
Origin 6.0 (Microcal Software Inc.), following the Shoup and
Szabo46 approximation (eqn (1)–(3)) as employed pre-
viously,27,46 was used to fit the experimental data.
I = 4nFDcrd f(t) (1)




where n is the number of electrons transferred, F is Faraday’s
constant, D is the diﬀusion coeﬃcient, c is the bulk concentration
of the electroactive species, rd is the radius of the microdisk
electrode, and t is the time. The software was instructed to
perform one hundred iterations on the data, stopping when the
experimental data have been optimized. A value for the diﬀusion
coeﬃcient, D, and the product of the number of electrons and the
concentration of the electroactive species, nc, were obtained after
optimization of the experimental data.
3. Results and discussion
3.1. Cyclic voltammetry for oxidation of Fc in various DESs
It is essential to employ either a reference electrode with a
familiar potential against a standard hydrogen electrode or
refer all data to a procedure whose reversible potential has to be
independent of the DESs, in order to compare voltammetric
data from diﬀerent eutectic solvents. The ferrocene/ferrocenium
(Fc0/+) couple is most prevalently used as an internal potential
scale standard in voltammetry in conventional organic solvent
media.31,47 This process is also used in IL electrochemistry.30
Fig. 2 shows typical cyclic voltammograms for the oxidation of
5.21 mM solution of Fc in DES5 on a platinum microelectrode
(20 mm diameter) at scan rates ranging from 10 to 100 mV s1
(the remaining figures for Fc in the other five DESs investigated
are shown in Fig. S1, ESI†). The voltammetry is reported against
a silver wire quasi-reference electrode and a Pt counter electrode.
The scan rate dependence indicates that the oxidation of Fc to
Fc+ in DESs follows eqn (4).
[Fe(C5H5)2]" [Fe(C5H5)2]
+ + e (4)
The quantitative relationship of data obtained from conventional
voltammetric experiments on DESs such as values of the reversible
half wave potential (E1/2) calculated as the average of anodic and
cathodic peak potentials ((Epa + Epc)/2), the peak-to-peak potential
separation (DEp = Epa  Epc), the ratio of the peak current of
oxidation and reduction components (ipa/ipc) and the peak
width at half-height (W1/2) for both oxidation and reduction
Fig. 2 Cyclic voltammogram for the oxidation of 5.21 mM Fc in DES5 on a Pt
electrode (diameter 20 mm) at varying scan rates of 10, 30, 50, 70 and 100 mV s1
(from bottom to top).














Ethylene glycol 1 : 2 DES1 230 1.43 213
Methyltriphenylphosphonium
bromide
Glycerol 1 : 3 DES2 267 0.08 3040
Choline chloride Ethylene glycol 1 : 2 DES3 207 5.26 66
Choline chloride Glycerol 1 : 2 DES4 237 0.65 322
N,N-Diethylethanol ammonium
chloride
Ethylene glycol 1 : 2 DES5 242 5.72 58
N,N-Diethylethanol ammonium
chloride
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processes is shown in Table 2. In addition, the potential
windows for all DESs have been measured by cyclic voltamme-
try at a scan rate of 100 mV s1 using GC or Pt as the working
electrode. The reduction and oxidation potential limits are also
summarized in Table 3. It was observed that DESs made up of
ammonium salts gave a larger potential window in comparison
with the phosphonium based ones when GC was used as the
working electrode. This potential window decreased when GC
was replaced with Pt.
In all investigated DESs, the cathodic and anodic peak
currents increased with increasing scan rate and the peak
current ratio of the reverse and the forward scans was close
to unity (ipa/ipc = 1.0) and was independent of the scan rate.
The peak-to-peak potential separation (DEp) in the cyclic
voltammograms at diﬀerent scan rates was estimated to be in
the range of 0.07–0.1 V. A fast, reversible, one-electron transfer
would ideally have a DEp = 0.059 V at 298 K. The discrepancy
from this ideal value at higher concentrations and scan rates in
DESs was attributed to the presence of uncompensated solution
resistance.48 Also it was observed that for diﬀerent scan rates E1/2
and W1/2 remained constant. The redox potential for a couple
was better approximated by the half-wave potential (E1/2) rather
than by the cathodic peak (Epc) or anodic peak (Epa) potential,
because both Epa and Epc change with the scan rates while E1/2 is
independent of the scan rate; as was expected for a reversible
system. It was found that E1/2 shifts toward more positive
potential conforming to the following order: DES5 > DES1 >
DES2 > DES6 Z DES3 > DES4. This order reveals that the
oxidation of ferrocene to ferrocenium becomes more diﬃcult
on going from DES4 to DES5. The overall E1/2 diﬀerence between
DES5 and DES4 was found to be around 45 mV.
In consideration of the above, we assumed that the electro-
chemical reaction of [Fc]/[Fc+] was reversible at the respective
scan rates in order to calculate the diﬀusion coeﬃcients of Fc
and Fc+. The peak current linearly varies with the square root of
the scan rate on a platinum microelectrode as shown in Fig. 3
Table 2 Cyclic voltammetric data for oxidation of ferrocene in DESs










DES1 0.01 1.12 91 386 147 171
0.05 1.08 91 388 142 178
0.07 1.02 91 388 150 176
0.1 0.98 91 386 153 171
0.5 0.99 91 386 149 169
1 0.97 93 386 150 170
DES2 0.01 0.98 70 381 136 117
0.05 1.02 71 379 139 140
0.07 1 73 379 144 155
0.1 0.96 73 383 145 139
0.5 0.98 80 381 145 158
1 1.08 80 380 149 148
DES3 0.01 1.06 100 372 138 127
0.05 1 101 375 159 159
0.07 1.15 101 376 149 173
0.1 1.02 103 373 156 158
0.5 1.2 106 372 155 177
1 1.24 110 372 163 172
DES4 0.01 1.22 80 352 138 145
0.05 1.05 80 353 148 122
0.07 1 80 352 155 153
0.1 1.02 85 352 152 161
0.5 1.02 95 356 158 177
1 1.2 96 353 155 149
DES5 0.01 0.99 89 389 142 168
0.05 1.05 89 388 140 148
0.07 1 89 389 141 155
0.1 0.98 89 387 139 143
0.5 1.05 92 394 141 138
1 0.97 100 398 142 151
DES6 0.01 1 78 372 140 152
0.05 1.06 79 377 141 150
0.07 0.98 81 375 140 149
0.1 0.96 88 372 143 151
0.5 1 92 376 139 148
1 0.98 98 377 140 152
Table 3 Electrochemical potential windows obtained at GC and Pt working










DES1 GC 0.71 1.72 2.43
Pt 0.68 1.04 1.72
DES2 GC 0.78 1.81 2.59
Pt 0.78 1.10 1.88
DES3 GC 1.20 2.29 3.49
Pt 1.18 1.21 2.39
DES4 GC 1.31 2.19 3.50
Pt 1.28 1.18 2.46
DES5 GC 1.26 2.22 3.48
Pt 1.18 0.85 2.03
DES6 GC 1.32 2.20 3.52
Pt 1.21 0.80 2.01
Fig. 3 Linear dependence of peak current vs. square root of scan rates for Fc/Fc+
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(the remaining plots for Fc in the other five DESs investigated
are shown in Fig. S2, ESI†). This confirms that the process is
mainly regulated by the diﬀusion of Fc/Fc+ in the DESs.
The diﬀusion coeﬃcients (D) have been calculated using the
Randles–Sevcik equation (eqn (5)),49,50 which presumes that
mass transport occurs only by a diﬀusion process and they are
given in Table 4. According to the Randles–Sevcik equation, ipa
and ipc are proportional to n
1/2 and hence a plot of ipa or ipc
versus n1/2 gives a straight line, the slope of which can be used
to determine the diﬀusion coeﬃcient.
ip = 0.4463(nF)
3/2(RT)1/2AD1/2C0n1/2 (5)
where ip is the peak current (A), n is the number of electron
equivalents exchanged during the redox process (electron
stoichiometry), A is the electrode area (cm2), D is the diﬀusion
coeﬃcient of the electroactive species (cm2 s1), n is the
voltage scan rate (V s1), C0 is the bulk concentration of
the electroactive species (mol cm3), R is the universal gas
constant, T is the absolute temperature (K) and F is Faraday’s
constant.
3.2. Chronoamperometric transients of Fc0/+ in DESs
Potential step simulation was first applied to the aqueous one-
electron oxidation of Fc to Fc+ since the diﬀusion coeﬃcients of
both species are well established in the literature.51 Potential
step chronoamperometry was conducted using a platinum
microelectrode immersed in solutions of Fc in DESs at
various concentrations in order to calculate diﬀusion coeﬃ-
cients of Fc. The potential was stepped from 0 V where no
Faradaic reaction occurred to +0.6 V (corresponding to the
oxidation of Fc to Fc+) and the transient procured is exhibited
in Fig. 4 (the remaining figures for Fc in the other five
DESs investigated are shown in Fig. S3, ESI†). The diﬀusion
coeﬃcient, D, of Fc has been determined using the Cottrell
equation (eqn (6)). The experimental plots of i versus t1/2 with
the best fits at an intercept of zero for diﬀerent concentrations
of Fc were employed.
ip = nFACD
1/2p1/2t1/2 (6)
In this equation, n is the number of electrons, A is the electrode
area (cm2), F is Faraday’s constant, t is the time (s) and C is the
bulk concentration (mol cm3).
To further support this conclusion and analyse these tran-
sients, the data obtained from the first potential step were
initially fitted to the analytical Shoup and Szabo expression46 in
order to determine the diﬀusion coeﬃcient for Fc after input-
ting values for the concentration and the electrode radius. A
close fit between the experimental and simulated transients of
Fc/Fc+ was achieved, as shown for a typical experimental
transient in Fig. 4. It indicated that the oxidation process
was diﬀusion controlled. The values for DFc using the chrono-
amperometry technique are displayed in Table 4. Herein,
DFc were found to be lower than those determined in organic
solvents due to lower viscosities.52 However, the diﬀusion
coeﬃcients of Fc reported here are of the same order of
magnitude as those of ILs.11,32




a (cm2 s1) DCA
b (cm2 s1)
DES1 1.08 4.54  109 (0.08) 4.30  109 (0.05)
5.21 4.32  109 (0.10) 4.21  109 (0.03)
10.13 4.56  109 (0.06) 3.86  109 (0.08)
20.18 4.23  109 (0.04) 4.33  109 (0.06)
30.06 4.02  109 (0.08) 4.36  109 (0.08)
DES2 1.08 9.42  1010 (0.07) 8.65  1010 (0.04)
5.21 8.96  1010 (0.05) 8.96  1010 (0.05)
10.13 9.12  1010 (0.06) 8.88  1010 (0.05)
20.18 9.03  1010 (0.08) 8.62  1010 (0.03)
30.06 9.86  1010 (0.06) 8.49  1010 (0.10)
DES3 1.08 2.94  108 (0.06) 3.46  108 (0.06)
5.21 3.11  108 (0.10) 3.32  108 (0.05)
10.13 3.08  108 (0.09) 3.12  108 (0.04)
20.18 3.22  108 (0.08) 3.39  108 (0.08)
30.06 3.19  108 (0.04) 2.98  108 (0.08)
DES4 1.08 4.01  109 (0.09) 3.82  109 (0.10)
5.21 3.90  109 (0.10) 4.13  109 (0.10)
10.13 4.07  109 (0.08) 3.96  109 (0.09)
20.18 3.96  109 (0.04) 4.12  109 (0.05)
30.06 3.86  109 (0.07) 4.08  109 (0.05)
DES5 1.08 2.98  108 (0.08) 4.01  108 (0.03)
5.21 3.20  108 (0.05) 4.22  108 (0.04)
10.13 3.22  108 (0.10) 3.95  108 (0.02)
20.18 3.26  108 (0.06) 4.16  108 (0.02)
30.06 3.25  108 (0.08) 3.89  108 (0.08)
DES6 1.08 2.80  109 (0.08) 3.65  109 (0.06)
5.21 3.08  109 (0.09) 3.55  109 (0.08)
10.13 3.25  109 (0.03) 3.40  109 (0.04)
20.18 2.97  109 (0.08) 3.86  109 (0.04)
30.06 3.02  109 (0.09) 3.93  109 (0.03)
a DFc values were determined using cyclic voltammetry.
b DFc values
were determined using chronoamperometry. Temperature 298  1 K.
Error bars are calculated from the standard deviation from four
experimental repetitions.
Fig. 4 Experimental (—) and fitted theoretical (J) chronoamperometric tran-
sients for the oxidation of 1.08, 5.21,10.13, 20.18 and 30.06 mM Fc in DES5 on a
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3.3. The heterogeneous electron-transfer rates for the
oxidation of ferrocene in DESs
Nicholson’s method53 was the first approach used to evaluate
the heterogeneous rate constant (ks). Anodic and cathodic peak
separations from a background were subtracted from a voltam-
mogram of a simple one electron transfer reaction and further




where a = nFn/RT, D0 is the diﬀusion coeﬃcient, n is the scan
rate and all other symbols have their usual meaning. For
this experiment the data have been acquired at 298.15 K, C =
5.21 mM, and n = 0.1 V s1 and thus linear diﬀusion was
expected to dominate. If diﬀusion coeﬃcients have been deter-
mined, either from cyclic voltammetry for a fully reversible
system or using a suitable chronoamperometric technique,
ks can be estimated by measuring cyclic voltammograms at
various scan rates and fitting the observed variation in peak
separation to tabulated values. The values of the heterogeneous
rate constant were determined to be 1.72  104 (0.03), 2.09 
104 (0.02), 3.08  104 (0.06), 2.18  104 (0.03), 5.44 
104 (0.02) and 1.68  104 cm s1 (0.07), respectively, in
DES1 to DES6. From the comparison of ks, it can be inferred
that the rate constants of ammonium based DESs were greater
than those of phosphonium based ones.
3.4. Viscosity dependence of diﬀusion coeﬃcient
The mass transport properties of a spherical species can be
predicted using the Stokes–Einstein equation (8), which relates
the diﬀusion coeﬃcient of the species, D, and the dynamic
viscosity of the medium, Z. Here kB is the Boltzmann constant,





According to eqn (8), a plot of D vs. Z1 should be linear with
zero intercept. Fig. 5 exhibits linear behaviour when DFc is
plotted vs. Z1 for 10.13 mM ferrocene in six diﬀerent DESs.
Thus, it might be sensible to presume that the Stokes–Einstein
relationship, as shown in eqn (8), applied to the data reported
herein. Furthermore, many reports in the literature indicated
that the Stokes–Einstein equation applies for a range of redox
species in various ILs (inclusive of ferrocene), as indicated by
linear plots of D vs. Z1.32,53 However, there are other reports that
eqn (8) does not apply in ILs, particularly when the redox species
is small in size.54 The largest DFc value was measured in DES5
which is the least viscous DES, and it was approximately 30 times
larger than the diﬀusion coeﬃcient measured in DES3.
3.5. Concentration dependence of diﬀusion coeﬃcient
Data obtained for DFc from both cyclic voltammetry and chron-
oamperometry at various concentrations are presented in
Table 4. Fig. 4 shows potential step chronoamperometry for
the oxidation of Fc at concentrations of 1.08, 5.21, 10.13, 20.18
and 30.06 mM in DESs on a 20 mm diameter platinum electrode.
The potential was stepped from 0.0 V (no Faradaic current) to
0.6 V vs. Ag wire to oxidize the Fc to Fc+. The experimental data
(—) fit the simulation data (J) well, referring to the fitting
procedure indicated in the Experimental section. The remaining
figures for Fc in the other five DESs investigated are shown in
Fig. S3 (ESI†). Typical cyclic voltammetry was undertaken at a
range of concentrations of Fc in DESs to determine diﬀusion
coeﬃcients for Fc as a function of concentration. As expected,
the peak current due to Fc oxidation increased with increasing
concentration. However, the diﬀusion coeﬃcient of Fc did not
change considerably. As can be seen, the ratio of the diﬀusion
coeﬃcients from both experimental techniques remained constant
throughout the whole concentration range assuming that the
diﬀusion was independent of the concentration in DESs.
4. Conclusions
The electrochemical oxidation of Fc has been studied by cyclic
voltammetry and potential step chronoamperometry in 6 diﬀerent
DESs formed by means of hydrogen bonding between two
diﬀerent ammonium and phosphonium salts with glycerin
and ethylene glycol. The potential windows of DESs have been
determined electrochemically at a Pt microelectrode and a GC
electrode. The reductive and oxidative potential limits have
been reported versus the Fc/Fc+ couple. It is observed that DESs
made up of ammonium salts give a larger potential window
compared with the phosphonium based ones when either Pt or
GC working electrode is employed. Results show that D for
Fc does not change significantly with concentration in both
techniques. Fc/Fc+ complies with classical Stokes–Einstein
behaviour in terms of the D vs. Z1 dependence. The kinetics
of electron transfer across the DES/electrode interface have
been studied using cyclic voltammetry and the highest
standard heterogeneous rate constant is determined to be
5.44  104 cm s1 in the ammonium based DES prepared
from N,N-diethylethanol ammonium chloride and ethylene
Fig. 5 Plot of diﬀusion coeﬃcient (D) against the inverse of viscosity (Z1) for
the six DESs studied. D values were obtained from cyclic voltammetry analysis at
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glycol (DES5). It would be interesting to perform battery charge–
discharge experiments of vanadium acetylacetonate in DES5 for
future work.
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